Ubiquinone (UQ), a.k.a. coenzyme Q, is a redox-active lipid that participates in several cellular processes, in particular mitochondrial electron transport. Primary UQ deficiency is a rare but severely debilitating condition. Mclk1 (a.k.a. Coq7) encodes a conserved mitochondrial enzyme that is necessary for UQ biosynthesis. We engineered conditional Mclk1 knockout models to study pathogenic effects of UQ deficiency and to assess potential therapeutic agents for the treatment of UQ deficiencies. We found that Mclk1 knockout cells are viable in the total absence of UQ. The UQ biosynthetic precursor DMQ 9 accumulates in these cells and can sustain mitochondrial respiration, albeit inefficiently. We demonstrated that efficient rescue of the respiratory deficiency in UQdeficient cells by UQ analogues is side chain length dependent, and that classical UQ analogues with alkyl side chains such as idebenone and decylUQ are inefficient in comparison with analogues with isoprenoid side chains. Furthermore, Vitamin K2, which has an isoprenoid side chain, and has been proposed to be a mitochondrial electron carrier, had no efficacy on UQ-deficient mouse cells. In our model with liver-specific loss of Mclk1, a large depletion of UQ in hepatocytes caused only a mild impairment of respiratory chain function and no gross abnormalities. In conjunction with previous findings, this surprisingly small effect of UQ depletion indicates a nonlinear dependence of mitochondrial respiratory capacity on UQ content. With this model, we also showed that diet-derived UQ 10 is able to functionally rescue the electron transport deficit due to severe endogenous UQ deficiency in the liver, an organ capable of absorbing exogenous UQ.
INTRODUCTION
Ubiquinone (UQ), also known as Coenzyme Q (CoQ), is a lipid composed of a redox-active benzoquinone ring conjugated to an isoprenoid side chain. It is found in all cells, from bacteria to mammals, and in the membranes of most or all organelles where it participates in a variety of cellular processes. The bestknown function of UQ is to act as an electron carrier in the mitochondrial respiratory chain, where it serves to transport electrons from Complexes I and II as well as from other mitochondrial dehydrogenases to Complex III (1, 2) . Moreover, reduced UQ is an important antioxidant in cell membranes and lipoproteins (3) . UQ has also been shown to play a role in plasma membrane electron transport, regulation of the mitochondrial permeability transition pore and pyrimidine nucleotide biosynthesis (4 -6) . Furthermore, an effect of UQ administration to improve endothelial dysfunction has been reported in human patients (7, 8) . Presently, 11 genes (COQ1-9, YAH1 and ARH1) are known to act in the UQ biosynthetic pathway of the budding yeast Saccharomyces cerevisiae (9, 10) . UQ biosynthesis in animal cells is similar to that in yeast, although many details remain to be worked out.
In the last two decades, a growing number of human patients with mitochondrial myopathy showing deficiencies of UQ 10 have been identified (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (the subscript denotes the number of isoprenoid units in the side chain; UQ 10 is the main species in humans but UQ 9 is the main species in mice). Primary UQ 10 deficiency caused by an inherited defect in UQ biosynthesis, as opposed to secondary complication of other diseases, is a rare and devastating disease that often presents with multisystem disorders and has a high mortality rate if not treated effectively. To this time, mutations in seven of the nine genes encoding proteins required for the final phase of UQ 10 biosynthesis inside mitochondria have been reported (reviewed in 22) and more can be expected to follow. Despite these advances, some fundamental questions about the disease remain unanswered. In particular, primary UQ deficiency, like most mitochondrial disorders, often presents with very heterogeneous clinical manifestations (reviewed in [22] [23] [24] , for which little other than speculations are offered. Moreover, its precise pathogenic mechanisms remain to be fully understood. Under UQ deficient states, diverse biochemical alteration, including impaired energy production, oxidative stress, impaired pyrimidine biosynthesis and increased mitophagy, have been observed and implied as possible pathogenic mechanisms (15, (25) (26) (27) . Endogenous UQ deficiency is a potentially treatable condition and some clinical cases have been reported to respond to UQ supplementation treatments (11, 13, (17) (18) (19) . However, findings on the effectiveness of UQ supplementation have been inconsistent (14, 16, 19, 21, 28) . Development of effective UQ replacement therapies and a proper investigation of their efficacy are still important but challenging tasks. Furthermore, given the antioxidant and respiratory functions of UQ and the implication of mitochondrial dysfunction and oxidative stress in aging, UQ has been marketed as an anti-aging supplement, in spite of very limited scientific evidence to support such use.
The conserved gene that encodes the mitochondrial enzyme that catalyzes the penultimate step of the UQ biosynthetic pathway, the hydroxylation of 6-demethoxyubiquinone (DMQ) to form 6-hydroxyubiquinone, is called COQ7 in yeast, clk-1 in nematodes, Mclk1 or Coq7 in mice and COQ7 in humans (29) (30) (31) (32) . Contrary to yeast coq7 null mutants, which accumulate the product of an early step of UQ synthesis (33) , the losses of CLK-1 in nematode and MCLK1 in mice produce accumulation of the actual substrate of the mutated enzyme, DMQ 9 (30, 34, 35) . We previously have shown that mutations in clk-1 and Mclk1 give rise to a wide range of phenotypes in both organisms, including extended longevity when viable (26, 36, 37) . Interestingly, clk-1 mutants are the only UQ biosynthesis-deficient C. elegans mutants that can be maintained as a homozygous line if fed a UQ-replete bacterial diet, all other null mutations in coq genes described so far are lethal (38) (39) (40) (41) (42) . The key factors that distinguish clk-1 mutants from other coq nematode mutants and the relation between clk-1 phenotypes and the accumulation of DMQ 9 have not yet been fully elucidated. In the mouse, full knockout of Mclk1 results in prenatal death (30, 31) . Mice heterozygous for Mclk1 (Mclk1 +/2 ) look superficially normal but on closer examination demonstrate a variety of biochemical and phenotypic abnormalities (26, 37, 43) . In the most recent study of Mclk1 +/2 mice, UQ levels in whole liver mitochondria were found to be unaltered, but UQ levels in purified inner mitochondrial membranes (IMM), where the last eight steps of UQ biosynthesis are carried out, were found to be lowered (44) . Mclk1 +/2 mitochondria were also found to have unexpected elevated levels of UQ in the outer mitochondrial membrane. These findings led to the conclusion that even a partial loss of MCLK1 function has a significant effect on UQ production and that MCLK1 is a ratelimiting enzyme in the UQ biosynthetic pathway (44) . Most likely, a variety of biochemical alterations observed in Mclk1 +/2 mice, such as respiratory chain deficiency, decreased ATP production, elevated mitochondrial oxidative stress and increased expression of HIF-1a, stem from decreased levels of UQ in the IMM which is the site of oxidative phosphorylation (OXPHOS) in eukaryotes.
COQ9 is one of the genes in which mutations have been identified in patients with primary UQ 10 deficiency (21) . The exact biochemical function of COQ9 protein in UQ biosynthesis is unknown, but, intriguingly, loss of COQ9 expression appears to impair UQ biosynthesis by reducing COQ7/MCLK1 levels (45) . Yeast coq9 mutants (46, 47) , a human patient with a lesion in the COQ9 gene (21) , as well as a recently described Coq9 mouse mutants carrying a mutation similar to that found in humans (45) , display DMQ accumulation along with a severe deficit in UQ levels.
The structure of UQ is conserved from bacteria to vertebrates. It is unknown how its structure exactly determines its functions and whether some of the UQ biosynthesis intermediates have an activity and hence may contribute to the clinical manifestations of a given genetic defect in the biosynthetic route of UQ. Rhodoquinone which has an amino group on the benzoquinone ring in place of one of the methoxy groups of UQ, and which is not found in vertebrates, can function as an electron carrier between Complex I and fumarate reductase in some parasitic species under low oxygen conditions (48) . Vitamin K2, which contains a naphthoquinone ring and an isoprenoid side chain, has recently been proposed to be capable of acting as an electron carrier in Drosophila mitochondria (49) . DMQ differs from UQ by missing one of the two methoxy groups on the benzoquinone ring. It is yet uncertain how lacking the C6-methoxy group of the ring affect UQ functions, in other words, whether DMQ is capable of fulfilling or interfering with some of the functions of UQ. We previously found that cultured embryonic stem (ES) cells from Mclk1 knockout mice in which DMQ 9 is the only detectable quinone are viable and possess significant respiratory activity, suggesting a possible functionality of DMQ 9 as a respiratory substrate (30) . Supporting this notion is the observation that synthetic DMQ 2 can serve as an electron acceptor for respiratory complexes after addition to a mitochondrial preparation from clk-1 worms (34). However, findings that conflict with this notion have also been reported. Yeast coq7-1 mutants lacking UQ 6 and producing DMQ 6 are respiration-defective (50) , arguing against the ability of DMQ to functionally substitute for UQ in the respiratory chain, at least in the yeast S. cerevisiae, which possesses no Complex I. In worms, clk-1 mutant mitochondria have only mildly decreased mitochondrial respiration (51, 52) . However, in addition to DMQ 9 , other quinone species (dietary UQ 8 and endogenous rhodoquinone) have been observed to be present in clk-1worms (53,54) and they could be responsible for at least some of the mitochondrial electron transport in those mutants. Interestingly, addition of a pentane extract from clk-1 mitochondria (containing DMQ 9 ) to UQ 9 -replete mitochondria partially inhibits Complex I + III activity, but not Complex II + III (55), indicating a possible sitespecific interference of DMQ with UQ function. It is not yet known if any such effect exists in vivo.
RESULTS

Generation of a mouse line with a floxed Mclk1 allele for conditional knockout
As germline deletion of Mclk1 leads to prenatal lethality (30, 31) , we generated conditional Mclk1 knockout mice in which exons 2 and 3 are flanked by loxP sequences to allow for excision with Cre recombinase (Fig. 1A) 
Generation and viability of Mclk1 knockout mouse embryonic fibroblasts
We generated Mclk1-null mouse embryonic fibroblasts (MEFs) by retroviral expression of Cre recombinase (pBabe-Puro-Cre) Figure 1B shows that the recombined but not the floxed Mclk1 allele was detected in Cre-expressing MEF cells. Moreover, RT-PCR analysis and an anti-MCLK1 immunoblot verified the absence of MCLK1 expression in those cells (Fig. 1B) . These results confirmed that the conversion of the floxed Mclk1 allele ('loxP') into the deleted form ('D') was virtually complete (hereinafter referred to as Mclk1 D/D -Cre MEFs). As anticipated, UQ 9 , which is the primary isoform of UQ produced in the mouse, was undetectable in Mclk1 D/D -Cre MEFs. Instead, they showed accumulation of the substrate of the missing enzyme, demethoxyubiquinone-9 (DMQ 9 ), at levels very similar to those of UQ 9 in control cells (Fig. 1C) 
Impaired respiratory chain function in knockout fibroblasts
Staining of Mclk1
D/D -Cre fibroblasts with the mitochondrial dye MitoTracker Green revealed a typical reticular network of mitochondria, indicating the mutant cells contain intact mitochondria (Fig. 1E) . To determine the overall activity of the mitochondrial respiratory chain, we measured oxygen consumption of intact Mclk1 D/D -Cre and control vector-transfected fibroblasts. The knockout cells were found to respire oxygen but at a slower rate than their counterparts. Both basal and uncoupler (FCCP: carbonylcyanide-p-trifluoromethoxyphenylhydrazone)-stimulated oxygen consumption rates (OCR) reached to about 50% of the control level ( Fig. 2A) . Addition of the Complex IV inhibitor cyanide to cell suspension resulted in a complete inhibition of oxygen consumption, confirming that the detected oxygen consumption was predominantly of mitochondrial origin. In order to localize the respiratory defect, we next measured the activities of respiratory chain complexes. The activities of Complex II and Complex II + III in Mclk1 D/D -Cre mitochondria were found significantly decreased, while Complex I + III activity appeared no different from that in control cells ( Fig. 2C and D) . These measurements were performed on MEFs after 10 passages following retroviral infection (with 5-fold to 10-fold dilutions at each passage). At that time, UQ molecules present in the cells prior to the CRE-dependent Mclk1 knockout should be diluted out of existence. Hence, we interpret these observations to indicate that the accumulated DMQ 9 can functionally replace UQ 9 in the mammalian mitochondrial respiratory chain, with a higher efficiency for Complex I-dependent respiration than for Complex II-dependent respiration. Measurement of citrate synthase (CS) activity in whole-cell lysates revealed that total CS activity is lower in Mclk1 (Fig. 3A) . Provision of exogenous UQ 9 in the medium can fully rescue the galactose-induced lethality ( Fig. 3B and C) , suggesting the absence of UQ solely accounts for the death in galactose medium. The absence of glycolysis stimulates the rate of respiration (57, 58) which is often associated with a high production rate of radical oxygen species (ROS). To determine whether the loss of the antioxidant function of UQ could be at least a part of the cause of the cell death in galactose medium, we tested whether treatment with antioxidants N-acetylcysteine (NAC) or Trolox (a vitamin E analogue) could increase the viability of Mclk1 D/D -Cre MEFs in galactose-containing medium. As shown in Figure 3D , their survival in galactose was not improved significantly by the addition of NAC or Trolox, strongly suggesting that the rescue by exogenous UQ 9 is ascribed to its ability to enhance respiratory function in Mclk1 D/D -Cre cells. Thus, it seems that, compared with UQ 9 , DMQ 9 is a poor substrate for the respiratory chain and incapable of supporting a relatively high OXPHOS activity. This is also consistent with the observation that Mclk1 -Cre MEFs can be rescued by exogenous application of Vitamin K2. As shown in Figure 4 , we observed no rescue of the cell lethality when supplementing galactose growth medium with Vitamin K2.
Generation of liver-specific Mclk1 knockout mice
Embryonic lethality of Mclk1
2/2 mice is most likely due to a complete absence of UQ in all tissues (30, 31) . To investigate the consequence of UQ deficiency in an individual tissue, we generated liver-specific Mclk1 knockout mice by crossing Mclk1-floxed mice to Albumin -Cre (AlbCre) transgenic mice which express Cre specifically in hepatocytes (59) . To ensure a high efficiency of generating full Mclk1 knockout cells, we used mice that carry one conditional allele of Mclk1 ('loxP') and one constitutive-null allele ('-'). PCR analysis for the recombined knockout allele confirmed that the recombination occurred in the liver but not in other tissue samples analyzed (Fig. 5A ), indicating that disruption of Mclk1 was restricted to the liver. RT-PCR and western blot analysis showed that MCLK1 expression was almost completely lost in the liver of Mclk1 loxP/2 , AlbCre+ mice, confirming successful ablation of Mclk1 gene expression in the liver (Fig. 5A ). The remaining trace expression is likely confined to other, minor, liver cell types. As expected, MCLK1 protein levels were not reduced in the kidneys (Fig. 5A ). To our surprise, liver-specific deletion of Mclk1 produced no gross abnormalities. weights similar to those of controls (Fig. 5B ). At present, the oldest Mclk1 liver-KO mice have reached ≈21 months. Up to this age, there was no significant difference in mortality between Mclk1 liver-KO and control mice. Knockout livers also appeared normal at necropsy (data not shown).
Altered UQ levels in Mclk1 knockout liver
The results of quinone measurements showed that UQ 9 levels were greatly reduced in the liver homogenates from Mclk1 liver-KO mice when compared with AlbCre-negative Mclk1 loxP/2 controls. These livers also accumulated a substantial amount of DMQ 9 (Fig. 5C ). The UQ 9 content in the knockout liver was decreased by 85%. This was expected given that the AlbCre transgene is only expressed in hepatocytes and hepatocytes make up 90% of the total cell mass in the mouse liver (60) . In other words, the small amount of UQ detected in the knockout liver likely originates from a minor population of AlbCre non-expressing cells such as Kupffer cells and endothelial cells. However, our current data do not rule out the possibility that there remained a trace amount of UQ in Mclk1-null hepatocytes. Consistent with liver-specific deletion, Mclk1 liver-KO mice showed no discernible change in kidney UQ content (Supplementary Material, Fig. S3 ).
Mild reduction in respiratory capacity in Mclk1 knockout liver mitochondria
Liver mitochondria isolated from Mclk1 liver-KO mice showed a similar degree of UQ loss as in liver homogenates. The level of UQ 9 in the knockout liver mitochondria in comparison with controls (Mclk1 loxP/2 ) was 15 + 4% at 15 months of age. DMQ 9 Mclk1 KO MEFs were first grown in glucose medium overnight, and then culture medium was replaced into galactose medium added with varying concentrations of UQ 9 . Cell viability was determined by the alamarBlue Cell Viability Assay 4 days later. Data are expressed as percentage of viability relative to that of glucose-grown KO MEFs (viability ¼ 100%) and presented as the mean + SEM of three independent MEF lines. The Student's t-test was used to compare the difference in viability between the KO MEFs grown in the presence or absence of UQ 9 ( * P , 0.05; * * P , 0.01). (C) Phase-contrast images of Mclk1 KO MEFs grown in galactose medium supplemented with or without UQ 9 (magnification, ×100). Conditions were the same as described for (B). Images were taken after 4 days of growth in galactose. (D) N-Acetylcysteine (NAC) and Trolox (vitamin E analog) fail to rescue the survival of Mclk1 KO MEFs in galactose medium. Experimental conditions were similar to those described for (B). Results are expressed as percentage of viability compared with untreated glucose-grown KO MEFs (set to 100% viability) and are the mean + SEM of three independent MEF lines. No difference was seen between untreated Mclk1 KO MEFs and those treated with the testing antioxidants (ANOVA/Dunnett test).
accumulation was observed but to a lesser degree than in liver homogenates (Fig. 6A) . Quite strikingly, the mitochondrial preparation from Mclk1 knockout liver exhibited only a mild impairment of respiratory chain function. State 3 (maximal ADP-stimulated) respiration rates with Complex I-linked substrates were decreased by 8 (8-month-old) to 13% (15-month-old), whereas the rates of Complex II-supported respiration appeared to be more affected, but still was only 14 (8-month-old) to 18% (15-month-old) lower than that in Mclk1 loxP/2 controls (Fig. 6B ). In the knockout mitochondria, the activities of Complexes II and III were essentially normal, while the rate of electron transport between the two complexes was significantly decreased, thus confirming the observed respiratory phenotype is due to inadequate UQ levels (Fig. 6C) . Other respiratory parameters measured, including state 4 respiration rate, respiratory control ratio, ADP/O ratio (Supplementary Material, Table S1 ) and mitochondrial aconitase activity (Supplementary Material, Fig. S4 ), were found not to differ between knockouts and controls. From 8 months to 15 months of age, there appeared to be a decreasing trend in state 3 respiratory rates for both control and Mclk1 liver-KO mice (Fig. 6B) as was previously observed in the wild-type (61). However, the difference between the two age groups did not reach statistical significance.
Effect of dietary UQ supplementation on respiratory chain function
To determine whether the mild respiratory defect in Mclk1 knockout hepatocytes could be corrected by supplementation of dietary UQ, we fed Mclk1 liver-KO mice with UQ 10 , beginning at 6 months of age. We scored quinone contents after 7 months of feeding. Both Mclk1 liver-KO mice and Mclk1 loxP/+ littermates showed an increase of total mitochondrial UQ 10 content in the liver, and no difference was evident in UQ 10 intake comparing liver mitochondrial preparations from the two groups of mice (Fig. 7A) . In both groups of mice, endogenous UQ 9 levels in liver mitochondria were not affected by UQ 10 administration (Fig. 7A) . In the liver mitochondria from untreated Mclk1 liver-KO mice versus Mclk1 loxP/+ controls, we again observed decreased state 3 respiration rates (Fig. 7B ). More importantly, compared with un-treated Mclk1 liver-KO mice, state 3 respiration rates of isolated liver mitochondria were significantly higher in UQ 10 -supplemented knockout mice, whether measured in the presence of Complex I or II substrates (Fig. 7B) . Finally, UQ 10 intake had no apparent effect on state 3 respiration in phenotypically wildtype Mclk1 loxP/+ mice (Fig. 7B ).
DISCUSSION
We have described the generation and characterization of conditional Mclk1 knockout mutants in which normal UQ biosynthesis is abolished and which do not contain measurable UQ. However, viability and lower levels of electron transport are sustained by the UQ biosynthetic intermediate DMQ. We have also shown that a severe, but not a complete, loss of UQ in mouse liver (triggered by loss of Mclk1) produced only a mild impairment in respiratory chain function, indicating that in animal tissues where a relatively high respiration rate is expected, such as in mouse liver, very little UQ is required and DMQ does not interfere with UQ-mediated mitochondrial electron transport. Mclk1 knockout fibroblasts are viable despite the complete absence of UQ
We previously reported that Mclk1 2/2 mouse ES cells can be grown in vitro without exogenous supply of UQ and possessed appreciable respiratory chain activity (30) . Unfortunately, these findings were not conclusive, considering the unique characteristics of ES cells and that only one line had ever been obtained. In the present work, we show that the UQ biosynthetic precursor DMQ is capable of functioning in the mitochondrial respiratory chain of Mclk1 knockout MEFs fully devoid of UQ, albeit inefficiently, in particular in Complex II to III electron transport. We further found that Mclk1 knockout MEFs are not viable in glucose-free galactose-containing medium (Fig. 3A) . Galactose is metabolized through the glycolytic pathway only very slowly. For this reason, in medium containing only galactose, cells are forced to use mitochondrial oxidative phosphorylation to sustain ATP production and maintain their viability (57, 62) . Thus, we interpret the inability of Mclk1 knockout MEFs to grow in galactose-only medium to a reduced rate of ATP production by oxidative phosphorylation. This galactoseinduced lethality can be rescued by provision of exogenous UQ (Figs 3B, C and 4), indicating that DMQ is a less efficient respiratory substrate than UQ and that the C6-methoxy group in the UQ ring is important for its electron transport function in the respiratory chain. Of note, studies on skin fibroblasts from patients with UQ deficiency have demonstrated that the viability of these cells is essentially preserved under forced oxidative metabolism in galactose medium (25, 63) , likely because their UQ deficiency is not as profound as that in Mclk1 knockout MEF. In the future, it would be of interest to carry out further research to identify the threshold of UQ deficiency-induced respiratory depression below which cells will cease to function and die. Furthermore, in vitro studies with a combination of null mutants of UQ biosynthetic genes will be necessary to completely rule out any contribution of potential residual ). Each column represents the mean + SEM of nine mice. (C) Quinone content in Mclk1 knockout liver. The columns show the mean + SEM of the peak areas for DMQ 9 and UQ 9 on HPLC chromatographs normalized to protein content. UQ 9 concentrations expressed also as nmol/mg protein, are reduced by an average of 85% in the liver of Mclk1 liver-KO mice relative to the level in Mclk1 loxP/2 controls. In addition, the knockout liver has substantial accumulation of DMQ 9 and it increases with age. n ¼ 5 littermate pairs for 4-month data and 9 littermate pairs for 15-month data. Statistical analysis was performed by the Student's paired t-test.
endogenous UQ biosynthesis to the active respiration of Mclk1 knockout cultures.
Mclk1 knockout fibroblasts is a new tool for testing the functionality of UQ analogues in the mammalian respiratory chain
Mclk1 knockout MEFs in galactose provide an excellent model system to evaluate the efficacy of various UQ analogues in promoting the function of the mammalian respiratory chain. We show that exogenously applied UQs with isoprenoid side chains effectively improve the respiratory chain activity of Mclk1 knockout MEFs ( Figs 3B and 4) and among the isoprenoid UQs tested, UQ 9 , which is the main naturally occurring form of UQ in mice, appears to be most effective (Fig. 4) , demonstrating a great sensitivity to side chain length. However, the mechanistic significance for this sensitivity is unknown. Idebenone, a synthetic UQ analog which carries exactly the same benzoquinone moiety as UQ and a short hydroxyalkyl side chain, fails to rescue the respiratory growth of Mclk1 knockout fibroblasts, indicating that it cannot replace endogenous UQ in the respiratory chain. This is consistent with studies on human patient fibroblasts with reduced UQ levels (64) and clinical reports that showed a poor efficacy of idebenone in treatment of profound UQ 10 deficiency (28, 65) . Idebenone has been suggested to penetrate better than UQ into tissues and mitochondria (66) . ). Complex II-dependent respiration, measured with succinate plus rotenone, is decreased by 14% (8-month-old) to 18% (15-month-old). In both control and knockout liver, there seems to be a trend toward a decrease with age, but it is not statistical significant. Columns represent mean values + SEM of eight to nine mice per group. (C) Enzymatic activities of respiratory complexes in isolated liver mitochondria. The integrated activity of Complex II + III is significantly decreased in the liver mitochondrial preparation from Mclk1 liver-KO mice (15-month-old), whereas the activities of individual complexes are unaltered compared with Mclk1 loxP/2 controls. Columns represent the mean enzymatic activities +SEM of 11-14 mice. Significant differences were compared with controls by paired t-test.
* P , 0.05, * * P , 0.01 and * * * P , 0.001.
However, it is a poor electron acceptor for Complex I activity (67) . Its therapeutic effects reported on some disease conditions (68, 69) are most probably due to its antioxidant activity. Similar to idebenone, decylUQ has an alkyl side chain, but ends with a methyl group, conferring a relatively high hydrophilicity.
It has been shown to be ineffective at restoring aerobic respiration in UQ 6 -deficient yeast (70) , but in cultured human cells with decreased synthesis of UQ 10 , an increase in cellular respiration was seen after treatment with dycelUQ (71). In our experiments, we observed only a very small rescue effect when ) and accumulate DMQ 9 . Mitochondrial UQ 10 uptake is similar in Mclk1 knockout livers and controls. UQ 10 supplementation has no effect on the endogenous content of DMQ 9 and UQ 9 . The columns represent the mean + SEM of quinone peak area on HPLC chromatographs normalized to protein amounts. Mitochondrial UQ concentrations are expressed nmol/mg mitochondrial protein. ). Columns represent mean value + SEM of six mice per group. Statistical evaluation was performed using paired t-test.
* P , 0.05.
decylUQ was added to galactose-grown Mclk1 knockout culture (Fig. 4) . Given the ability of decylUQ to serve as an efficient electron transporter in mitochondrial homogenate, the poor rescue observed with decylUQ is likely due to its limited accumulation in the inner membrane of mitochondria when applied exogenously. We further tested whether Vitamin K2 is able to rescue the respiratory chain deficiency of Mclk1 knockout fibroblasts. Vitamin K2 is a quinone having a naphthoquinone structure and an isoprenoid chain. In Drosophila, it has recently been proposed that Vitamin K2 can improve the mitochondrial electron transport leading to increased ATP production by acting as an electron carrier (49) . However, we found that addition of Vitamin K2 to galactose medium failed to rescue Mclk1 knockout MEFs from death (Fig. 4) . This finding suggests that Vitamin K2 cannot (at least not efficiently) substitute for UQ to mediate electron transport in mammalian mitochondria.
Liver mitochondrial function has a high tolerance to severe UQ deficiency
To our surprise, we found that liver mitochondria from Mclk1 liver-KO mice exhibited only a mild reduction (,20%) in state 3 respiration for both Complex I and Complex II substrates (Fig. 6B) , although only 15% of the cells in the liver are not hepatocytes. Thus, we measure much more respiration ( 80% of wild-type) than could be accounted for by the 15% of nonhepatocytes. This means Mclk1 knockout hepatocytes still respire at fairly high level. In line with this, Mclk1 liver-KO mice showed no overt abnormalities. Our finding is in agreement with an earlier study that showed that livers from animals with liver-specific loss of Pdss2 (UQ biosynthetic gene required for the synthesis of isoprenoid side chain) had no detectable UQ, but exhibited .60% state 3 respiratory capacity (72) . Although we cannot rule out the possibility that the accumulated DMQ 9 contributes to the mitochondrial electron transport activities in Mclk1 knockout hepatocytes, the very low respiratory capacity of Mclk1 knockout MEFs that are supported solely by DMQ 9 , suggests that the DMQ 9 in the knockout liver can only have a minor contribution to the high respiratory capacity observed.
This apparent insensitivity of hepatic mitochondrial respiration to severe UQ deficiency is very intriguing. Recent work from our laboratory showed that a mild decrease of UQ in the IMM in the liver of Mclk1 heterozygous mice (Mclk1 +/2 ) was sufficient to induce mitochondrial dysfunction (26, 44) . Given that much more severe depletion of UQ is not followed by a much greater inhibition of the respiratory chain function, it seems that there is a nonlinear dependence of mitochondrial respiratory capacity upon UQ content. One reason might be a nonlinear relationship between UQ levels and ROS production.
Mclk1
+/2 mitochondria showed increased mitochondrial generation of ROS (26) , which may cause damages to respiratory complexes and hence further handicap the respiratory chain function, whereas both Mclk1 (Supplementary Material, Fig. S4 ) and Pdss2 knockout livers (73) showed no overproduction of ROS as indicated by the normal activity of mitochondrial aconitase. A nonlinear relation between the degree of UQ deficiency and mitochondrial ROS production has been described for patient fibroblasts with varying severity of UQ 10 deficit. In particular, mutant fibroblasts with moderate deficiency (30-50% UQ 10 ) produce maximal oxidative stress, while ,20% residual UQ 10 is not associated with increased oxidative stress (25, 63, 74) . The complexes of the mitochondrial respiratory chain can assemble into supermolecular structures called supercomplexes which allow more efficient and rapid electron transfer as opposed to a random collision model (75, 76) . Supercomplex formation is thought to be a very dynamic process and of great importance for regulation of mitochondrial bioenergetics and controlling ROS production (77) . It is reasonable to speculate that when UQ deficit is too severe, mitochondrial respiratory chain augments electron transport via the respiratory supercomplexes, enabling more efficient transport of electrons and less production of ROS. However, in both Mclk1 (Fig. 6B) and Pdss2 liver knockouts (72), Complex II respiration which does not involve supercomplexes is only slightly more affected than respiration via complex I for which the I-III-IV supercomplex is an important unit. From these findings, it is unlikely that a compensatory increase in supercomplex levels accounts for the high level of respiratory function in those UQ deficient mutants. Future studies comparing the tissues that are sensitive to UQ depletion to nonsensitive tissues, such as the liver, may reveal the composition and/or functional features of the respiratory chain that govern the variation in its requirement for UQ. It is noteworthy that in general there is a low prevalence of liver involvement in primary UQ 10 deficiencies (22) which could be explained by a relatively low sensitivity to UQ deficiency in the liver.
It is very interesting that at 15 months of age (the last time point examined), Mclk1 knockout hepatocytes still appeared to contain residual UQ. Similarly, Pdss2 conditional knockout livers also seemed to not have lost UQ completely at the age of 8 months, as judged by their mitochondria's ability to still respire at 60% of normal level (72) . These observations are in stark contrast to our in vitro observation on Mclk1 knockout MEFs in which UQ is rapidly depleted after excision of the floxed Mclk1 alleles. One likely explanation is a difference in cell division rate. When compared with Mclk1 knockout mouse liver, in vitro cultured Mclk1 knockout fibroblasts proliferate more quickly which can result in fast dilution of the initial UQ pool. Moreover, UQ degradation rates may vary greatly in different cell types and conditions. We also cannot exclude the possibility that most of the remaining UQ in mutant livers is derived from the circulation.
UQ 10 supplementation restores defective respiration of Mclk1 knockout liver UQ replacement treatment so far has offered a safe, easy and the only available therapeutic intervention for UQ deficiencies. However, the data on the effectiveness of UQ supplementation in UQ deficiency are not conclusive (13, 14, 16, 17, 19, 21, 28, 78) . We recently demonstrated that dietary UQ 10 (supplemented in base rodent diet) indeed can reach mitochondrial inner membrane and there function in the electron transport chain (44) . In the present study, following UQ 10 supplementation through drinking water, we observed significant uptake of dietary UQ 10 by liver mitochondria along with increased state 3 respiration rates in UQ 10 -fed Mclk1 liver-KO mice compared with untreated knockout mice (Fig. 7) . This finding provides another piece of evidence for that dietary UQ is able to functionally rescue endogenous UQ deficiency at the respiratory chain level. There are reports showing that dietary feeding of mice with UQ 10 can elevate tissue concentrations of endogenous UQ by an unknown mechanism (79, 80) . In our experiment, the endogenous content of UQ 9 in the liver mitochondria was not affected by oral UQ 10 supplementation (Fig. 7A) , as we previously observed in wild-type and Mclk1 +/2 mice (44). UQ 10 intake appears to have no effect on state 3 respiration capacities of phenotypically wild-type Mclk1 loxP/+ mitochondria (Fig. 7B) . A similar finding was reported for wild-type mice (80) . A plausible interpretation is that normal UQ levels in the liver are saturating for state 3 respiratory rates.
DMQ does not interfere with UQ function in the mammalian mitochondrial respiratory chain
Both Mclk1 knockout ES cells (30) and MEFs ( Fig. 2B and C) producing DMQ 9 instead of UQ 9 showed a Complex II-specific defect, suggesting that DMQ 9 is a less efficient substrate for Complex II than for Complex I. This propensity for poor function at Complex II is in good agreement with two previous reports. One is that DMQ 8 in the membrane from UbiF mutants is able to function as an electron acceptor for NADH, not for succinate (81) . The other study compares UQ 2 to synthetic DMQ 2 , which is found to promote electron transport from Complex I fairly efficiently but produces a much smaller stimulation of succinate oxidation (34). These observations have been interpreted to indicate that Complex II possess a high degree of selectivity for use of quinone species as its electron acceptor (34) . Future studies will be needed to probe the molecular basis for the poor activity of DMQ at Complex II.
clk-1 mutant worms have a specific defect in Complex I-dependent respiration (52) . The ability of DMQ 9 to mediate electron transfer from Complex I more efficiently than from Complex II may provide a mechanistic explanation for the Complex I-specific respiratory dysfunction in clk-1 mitochondria. clk-1 mutants contain a large amount of endogenously produced DMQ 9 as well as exogenous UQ 8 obtained from the bacterial food source (54). As discussed above, DMQ 9 is a less efficient respiratory substrate than UQ 9 . However, as it is still able to function somewhat adequately at Complex I, it might compete with UQ 8 for quinone binding sites, thus inhibiting the activity of UQ 8 at Complex I, whereas competitive inhibition on UQ 8 -mediated Complex II respiration would be less marked because of the relatively inactivity of DMQ 9 at Complex II. In contrast to worm clk-1 mitochondria, the liver mitochondria from Mclk1 liver-KO mice showed an impairment in both Complex I-and Complex II-dependent respiration, and Complex II-dependent respiration was slightly more severely affected (Fig. 6B ). We discussed above that the high OXPHOS activity in Mclk1 knockout hepatocytes could be attributable to the remaining UQ. As the liver knockout in Mclk1 displayed similar respiratory phenotype as described for Pdss2 liver knockout mice (72) , accumulation of DMQ is unlikely to significantly influence the respiratory function of endogenous UQ. We further found that oral UQ 10 intake (1) elevated total mitochondrial UQ 10 content in the liver, (2) had no discernible effect on the endogenous content of DMQ and UQ (Fig. 7A) , and (3) increased the mitochondrial state 3 respiration rates in Mclk1 knockout liver (Fig. 7B) . These results suggest that DMQ does not significantly inhibit exogenous UQ 10 -mediated electron transport. Thus, it seems that in the mammalian respiratory chain, which in general has a high electron flux, accumulation of DMQ does not significantly interfere with UQ function, probably because of a greater degree of difference in relative efficiency between DMQ and UQ. These findings suggest that the accumulation of DMQ in the described COQ 9 patient (MIM 607426) (21) is likely not clinically meaningful and has no pathogenic role.
MATERIALS AND METHODS
Reagents and chemicals
Cell culture media and reagents were purchased from Invitrogen. All other reagents used in this study were of molecular biology grade or better and were obtained from Sigma-Aldrich unless noted otherwise. 
Genotyping and detection of Cre/lox recombination
Mice were genotyped by PCR with genomic DNA extracted from tail clippings. The floxed Mclk1 allele was amplified using primer #1 (5 ′ -TTTGATGCCCTTGTGGAACGTG-3 ′ ) and #2 (5 ′ -ACGATCCTAGCTTCCTTCTGTGAG-3 ′ ), producing a 323 bp fragment (Fig. 1A) . PCR amplification of the wildtype allele using the same primer set yielded a 261 bp band. To detect Cre-mediated excision of Mclk1 floxed alleles, primers #3 (5 ′ -CTCAGGCTTGTCTTTCATTCTGTC-3 ′ ) and #2 were used (Fig. 1A) . Primers used to amplify the AlbCre transgene were as follows: forward: 5 ′ -GCCAGCTAAACATGCTT 
Construction of retroviral vector and retroviral infection
The pBabe-Cre-puro retroviral vector was constructed by subcloning a Cre recombinase cDNA into the EcoRI and SalI sites of pBabe-puro retroviral vector. Phoenix TM -Eco virus packaging cells (Cedarlane Labs) were used to produce retroviruses. At 60-80% confluence, Phoenix TM -Eco cells were transfected with pBabe-Cre-puro or empty pBabe-puro vector (20 mg of plasmid DNA/100 mM plate) using Lipofectamine 2000 following the manufacturer's instructions (Invitrogen). The viruscontaining supernatants were harvested after 48 h, filtered and used to replace the culture medium of Mclk1 loxP/loxP MEFs, which were prepared from day 13.5 Mclk1 loxP/loxP embryos by trypsin digestion according to standard procedures (82) . The infection procedure was repeated the next day. Infected MEFs were then incubated in media supplemented with 10 mg/ml of puromycin for 2 days in order to select the cells that stably express viral DNA. Five independent MEF lines were infected with the described retroviral vectors and used at a passage number below 15.
Cells and tissue culture
All cells were maintained in DMEM containing high glucose (25 mM) and supplemented with 10% FBS and 1% penicillin/ streptomycin at 378C in 5% CO 2 . Cell proliferation assay was performed by plating 5 × 10 3 cells into 48-well plates in triplicates, following by daily measurement of cell concentration with alamarBlue Cell Viability Assay (Invitrogen). For growth in galactose, cells seeded into 48-well plates were first grown in high glucose DMEM medium overnight and then switched to glucose-free DMEM media supplemented with 10 mM galactose, 10 mM HEPES, 1 mM sodium pyruvate, 10% dialyzed FBS and 1% penicillin/streptomycin. For rescue experiment, various chemicals were added into MEFs culture when medium was changed to galactose medium. Four days after culture in galactose medium, alamarBlue assay was performed for estimation of cell viability. Concentrations between 2.5 and 20 mM were used for all compounds tested. The most effective dose among those tested is reported for the compounds that rescued the galactose growth defect of Mclk1 D/D -Cre MEFs. For those that showed no significant rescue effect, the maximum non-toxic dose, defined as the highest tested concentration that does not produce evidence of lethality in control MEF lines (Mclk1 loxP/loxP -EV), is presented.
Microscopy
For phase-contrast microscopy, cells were plated onto glass cover slips coated with poly-D-lysine, fixed with 3.7% paraformaldehyde in PBS for 10 min and then washed by PBS twice. The cover slips were mounted onto slides with one drop of Prolong anti-fade reagent (Invitrogen) and images were acquired on an Olympus BX63 microscope. To label mitochondria, cells were incubated with 200 nM of MitoTracker Green FM (Invitrogen) in growth medium for 30 min. The cells were then fixed in 3.7% paraformaldehyde, washed with PBS and subjected to fluorescence microscopy on an Olympus BX63 microscope using FITC filter set.
Quantification of quinones
Quinone content was quantified as previously described (35) . Briefly, cell lysis, liver homogenates or isolated mitochondria were mixed with an equal volume of hexane/ethanol for 10 min by vortexing, centrifuged for 5 min at 8000g and the hexane layer was collected. After evaporation to dryness using a vacuum centrifuge, the quinone residue was dissolved in ethanol and then analyzed by HPLC with UV detection at 275 nm (Beckman System Gold). A reverse phase C18 column (25.0 × 0.46 cm, 5 mm, Highchrom) was used with an isocratic elution at a flow rate of 1.8 ml/min. The mobile phase was methanol/ethanol (70:30 v/v). The concentrations of UQs were estimated by comparison of the peak area with those of standard solutions of known concentration. Quinone levels data were finally normalized to protein content determined by the Bio-Rad Protein Assay (Bio-Rad).
Respiration measurements
Whole-cell oxygen consumption was measured polarographically as previously described (30) . Briefly, exponentially growing MEFs cultures were harvested and re-suspended in fresh DMEM medium. The cell suspensions were immediately added to a magnetically stirred Clark-type oxygen electrode chamber thermostated to 378C, containing DMEM, to a final volume of 2 ml.
After recording the basal respiratory rate, Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) and potassium cyanide (KCN) were added successively (final concentration of 1 mM and 2 mM, respectively) and measurement continued for additional 2 min. OCR were normalized to total protein content determined by the Bio-Rad Protein Assay.
Oxygen consumption of isolated liver mitochondria was measured with a high-resolution respirometry system (Oxygraph-2k, Oroboros Instruments) at 308C in a buffer containing 0.5 mM EGTA, 3 mM MgCl 2 . 6H 2 O, 60 mM potassium lactobionate, 20 mM taurine, 10 mM KH 2 PO 4 , 20 mM HEPES, 110 mM sucrose and 1 g/l fatty acid free BSA, pH 7.1. Glutamate (5 mM) plus malate (2.5 mM) was used as substrates for NADHlinked respiration initiated at Complex I, whereas 10 mM succinate (plus 1.25 mM rotenone) was used to induce Complex II-mediated respiration. The rate of maximal coupled (state 3) respiration was determined in the presence of 0.5 mM ADP, and state 4 was recorded after ADP exhaustion. Results were expressed as pmol oxygen/s/mg mitochondrial protein.
Determination of mitochondrial enzyme activities
Isolation of MEF and liver mitochondria was performed by differential centrifugation as described previously (26, 30) . Purified mitochondria were subjected to three rounds of freeze/thaw. ETC enzyme activities were measured as donor-acceptor oxidoreductase activities and expressed as nmoles of electron acceptor reduced/min/mg mitochondrial protein. Assays were carried out spectrophotometrically at 308C using a doublewavelength Beckman DU 640 spectrophotometer. Sensitivity to enzymatic inhibitors was used to confirm assay specificity. Complex II activity was analyzed by UQ 1 -stimulated dichlorophenolindophenol (DCPIP) reduction with succinate as substrate. The assay was carried out in 1 ml of assay buffer containing 25 mM potassium phosphate (pH 7.4), 20 mM sodium succinate, 2 mg antimycin, 2 mg rotenone, 2 mM KCN, 150 mM DCPIP and 40 mg of mitochondrial protein. The reaction was started with 100 mM UQ 1 , and the enzyme activity was measured at 600 nm. Inhibition of reaction by 10 mM of malonate was used to confirm the specificity of the assay. The extinction coefficient used for DCIP was 21 per mM cm. Complex III activity was assayed by following the reduction of cytochrome c (50 mM) by decylubiquinol (60 mM) at 550 nm. The assay was carried out in 25 mM potassium phosphate buffer (pH 7.4) supplemented with 1 mM KCN, 2 mg/ml rotenone and 0.1% BSA. The reaction was started with 25 mg of mitochondrial protein, and a mix of antimycin (10 mg/ml) and myxothiazol (2 mg/ml) was used to correct the background rate for non-enzymatic reduction of cytochrome c. The extinction coefficient used for cytochrome c was 19.1 per mM cm. The activities of Complex I + III and Complex II + III were measured by following the reduction of cytochrome c at 550 nm in the presence of the Complex I (0.1 mM NADH) or II (20 mM succinate) substrates, respectively. The assay of Complex I + III activity was performed in 1 ml of reaction mix containing 25 mM potassium phosphate (pH 7.4), 100 mM NADH, 2 mM KCN and 20 mg of mitochondrial protein. The reaction mixture for the Complex II + III activity assay consisted of 25 mM potassium phosphate (pH 7.4), 20 mM succinate, 2 mg/ml rotenone, 0.5 mM EDTA, 2 mM KCN and 40 mg/ml of mitochondrial protein and was pre-incubated at 308C for 10 min to fully activate Complex II. Reactions were initiated with addition of 30 mM cytochrome c. The increase in absorbance was monitored before and after the addition of 5 mg/ml rotenone (Complex I inhibitor) or 10 mM malonate (Complex II inhibitor). Activities are finally expressed as inhibitor-sensitive cytochrome c reduction rates (nmoles per minute) per mg mitochondrial protein. The Bradford assay was used to quantify the protein concentration.
Total CS activity in MEFs was determined by following the formation of DTNB [5, 5 ′ -dithio-bis-(2-nitrobenzoic acid)]-CoA, which is coupled with citrate formation catalyzed by citrated synthase, at 412 nm. Whole-cell extracts were prepared using Cellytic M cell lysis reagent (Sigma) following the manufacturer's instructions. Fifteen micrograms of cellular protein was added to 1 ml of reaction mixture containing 100 mM Tris (pH 8.0), 0.1% Triton X-100 and 0.1 mM acetyl CoA. The reaction was started by adding 10 ml of oxaloacetate (0.25 mM), and linear rate of change in absorbance was followed for 2-3 min. Data are expressed as nmoles per minute per mg cellular protein on the basis of the molar extinction coefficient, 13.6 per mM cm.
RNA preparation and RT-PCR analysis
Total RNA was extracted using Trizol reagent (Invitrogen) and 1 mg of RNA was reverse-transcribed into cDNA using QuantiTect Reverse Transcription Kit (Qiagen) following the manufacturers' protocols. RT-PCR was performed using SYBR Green (Qiagen) on a Bio-Rad CFX 96 real-time PCR thermocycler (Bio-Rad). Primers for the Mclk1 mRNA were forward 5 ′ -CCTGCGCACTGGTGTCCGGA-3 ′ and reverse 5 ′ -GCAC TGCATCCGGCCTGGATAA-3 ′ ; and primers for the mRNA of the housekeeping gene b-actin were forward 5 ′ -GGAGCA CCCTGTGCTGCTCA-3 ′ and reverse 5 ′ -GGATTCCATACCC AAGAAGGAAGGC-3 ′ . PCR products were separated on 2% agarose gels and visualized under UV light after staining with ethidium bromide.
Western blotting
Mitochondrial protein samples were loaded onto 12% SDS-PAGE gels, electrophoresed at 120 V and transferred to 0.45 mm polyvinylidene fluoride membranes (Bio-Rad). Membranes were blocked in 5% milk-PBS for 2 h and blotted overnight at 48C with anti-MCLK1 [dilution 1:500, developed in our laboratory (30) ] and anti-porin (dilution 1:2000, purchased from CambioChem) antibodies. After three washes with PBS-0.05% Tween 20, membranes were incubated with horseradish peroxidase-conjugated anti-mouse (dilution 1:10 000, Pierce) and anti-rabbit (dilution 1:2000, Sigma) secondary antibodies, and then developed with an ECL Plus western blotting detection system (GE Healthcare). Signals were visualized on a chemiluminescence scanner (Typhoon TM 9400, GE Healthcare) and analyzed using ImageQuant software (version 5.2, GE Healthcare).
Dietary UQ 10 supplementation
Mice received UQ 10 supplementation with LiQsorb (Tishcon) added into their drinking water at the concentration of 1 mg/ ml, beginning at 6 months of age. At this dose, mice received 300-400 mg UQ 10 /kg body weight/day.
Statistical analysis
All data were expressed as the mean + SEM. Statistical analyses were performed with Prism (version 5.0, GraphPad Software) using paired or unpaired Student's t-tests, or ANOVA/Dunnett's test as appropriate. Probability value of P , 0.05 was considered significant.
